Astronomical observations have revealed diffuse interstellar bands ranging from blue in the visible spectrum to the near IR. It has been suggested that these bands exist, owing to the presence of polyaromatic hydrocarbons or fullerene in the vicinity of certain stars, and constitute residual material from stellar explosions. The intention here is to study the relative stability of these species, when exposed to extreme conditions. The aromaticity of polycarbon molecules is an important aspect of this explanation.
Introduction
Certain interesting astronomical features exist which have been the subject of various research projects and written reports. The DIBs (diffuse interstellar bands) are absorption features in the near UV down to the visible, and also there are UIRs (unidentified IR emissions), both phenomena are subject of various research projects. In 1985, reports claimed [1, 2] that these emissions are produced by polycyclic aromatic hydrocarbons and not by graphite or chains of carbon. The spectroscopic features [3] are the infrared emission bands (UIRs) between 3 and 15 lm, the diffuse interstellar absorption bands (DIBs) observed in the optical range between 400 and 1000 nm and a strong absorption feature at 220 nm. The sharp UIRs have been correctly attributed to gaseous polycyclic aromatic hydrocarbons [4] [5] [6] (PAHs), but the more than 300 DIBs may also be attributable to fullerene type molecules. Very recently, fullerene molecules were reported to be clearly detectable (C 60 and C 70 ) in a planetary Nebula [7] , and in this work, certain DIBs were totally assigned to these molecules without envisaging any contribution from PAHs. Therefore, both PAHs and fullerene can be found in the interstellar medium; however, the abundance of these molecules may vary by as much as one or two orders of magnitude, with fullerene being the predominant component. Indeed, it has been suggested that C 60 and its ions may be the most abundant form of carbon in interstellar space [8] .
The feature described above seems to contradict natural evidence, because the burning of several materials containing carbon forms graphite as its main product (although it is important to take into account that the two dimensional graphite, also known as graphene is a very elusive material [9] [10] [11] ), whereas fullerenes are normally produced by the vaporization of this same graphite by arc discharge under low pressure in an inert gaseous atmosphere [12, 13] . This would indicate that a more sophisticated procedure may occur in the proximity of certain stars, where there are interstellar emission bands which indicate high temperatures. However, certain doubts exist concerning the predominance of this species, in comparison to the PAHs which have been regarded as molecularly defined models of graphite [14] [15] [16] [17] [18] , so that coronene and ovalene as well as other large molecules of this kind provide apt models for the present comparison. Intrinsic aromaticity is an important aspect to be considered in this comparison, as it is thought to represent a stabilizing factor.
Thus the aim of the present study is to analyse the stability of these molecules in the environment of outer space and attempt to determine whether fullerenes are likely to R. Salcedo (&) Á L. Fomina Instituto de Investigaciones en Materiales, UNAM, Circuito Exterior, Ciudad Universitaria, México, DF 04510, Mexico e-mail: salcedo@servidor.unam.mx constitute the dominant species. The study also seeks to define the best way of evaluating the aromaticity of these molecules. It is important to note that this aspect has been analyzed for many substances, substituting a temperature of 1000 K which is near the values quoted by a number of authors who have investigated the topic of aromatic molecules at high temperature, in both theoretical and experimental studies [19] [20] [21] . However, in this study, we propose a new method for evaluating the Aromatic Stabilization Energy (ASE) in fullerene, besides adapting alternative ones for PAHs, where homodesmotic reactions are employed.
Computational methods
All structures, the neutral species as well as the corresponding cations, were optimized in the gas phase, employing the Jaguar 4.0 package [22] . A pure DFT method, comprising Becke's gradient corrections for exchange [23] and Perdew-Wang's for correlation [24] , was used to carry out energy evaluations, and all calculations were performed using the 6-31G** basis set. Frequency calculations were carried out at the same level of theory, in order to confirm that optimized structures were at the minima of the potential surfaces. These frequencies were then used to evaluate the zero-point vibrational energy, the thermal vibrational corrections to enthalpy and total enthalpy values.
Results and discussion
The molecules being studied are presented in Fig. 1 . Coronene (2) and ovalene (3) are both molecules which should be considered in this analysis, because several reports indicate that both act as carriers of DIBs [4] [5] [6] . Likewise, the other two PAHs presented in this figure, hexa-perihexabenzocoronene (4) and graphite disk (5) that also belong to the family of the graphenes [25] , were also taken into consideration as representing large models of aromatic molecules, in order to make comparisons between them as possible larger carriers of DIBs.
The calculation and comparison of aromaticity in fullerenes and PAHs is not a straightforward task. Indeed, in the case of PAHs, aromaticity is only considered in the rings, whereas no spherical aromaticity is presented by the fullerene molecule [26, 27] , although the importance of analysing this feature is recognised. Not only does aromaticity vary in the different rings, but so do the PAHs molecules, as revealed in Clar's theorem [28] [29] [30] [31] . Thus, in the present study, we take these factors into consideration.
Only one previous report has combined the approximation of experimental with theoretical data for both kinds of molecules, also taking into account heat formation [32] . Cyranski [33] has also proposed a value for the process of closing an open topological precursor, in order to yield C 60 . All these studies assume that the molecules involved are being assessed under standard conditions; however, we have devised a study which includes both the standard and the extreme. In this work, we propose a method for making this estimation using relative results, i.e. proposing a set of relative, thermodynamic values which are applicable for comparing both families of hydrocarbons. However, there are two aspects which must be considered; firstly, there are strong differences between the structure of PAHs and fullerenes, in the first case quaternary sp 2 carbons appear and in the second the carbon atoms present a certain degree of pyramidalization; factors which should account for different results in terms of energy yields (and stability). Secondly, the intrinsic aromaticity of the sphere in fullerene should also be considered; thus the next step consists in evaluating the aromatic stabilization energy (ASE) for each kind of species, i.e. the George's homodesmotic one for PAHs, as opposed to the homodesmotic one for fullerene, with the general application of the homodesmotic reactions (Eqs. 1 and 2). 
It is very important to consider the spherical aromaticity in fullerene, as this feature also provides this molecule with additional stability [34] . This characteristic has been evaluated by means of magnetic [27, 33, 35, 36] , reactivity [27, 37] and in terms of energetic criteria [33, [38] [39] [40] . The Fowler et al. [38] reference is particularly relevant for the present case, as these authors used the recourse of an isodesmic reaction. Our study makes an indirect estimation of the spherical aromaticity of fullerene, in terms of energetic criteria, i.e. assessing a set of values relating to relative enthalpy, using the homodesmotic reaction shown as Eq. 2, as reported previously [40] . On the other hand, other homodesmotic reactions are used in the case of the PAHs for comparison purposes; the corresponding homodesmotic reaction for estimating the ASE of PAHs is shown as Eq. 1 and is the same as that suggested by George and his coworkers [41, 42] , this reaction involves quaternary sp 2 carbon atoms that also are found in the PAHs under study. Both equations yield results that are shown below, however, it is important to note that we are going to compare the enthalpy values obtained by two different models as a general situation as it has been made by other authors [43] , because there is not a general homodesmotic equation for both PAHs and fullerenes, however, the results seems to be appropriated and interesting.
The ASE value for fullerene is 560.68 kcal/mol, calculated using our homodesmotic reaction [40] . This value is similar to the theoretical value which Fowler calculated, applying the equation for an isodesmic reaction (536.57 kcal/mol) designed by this researcher and his group. In Table 1 , the ASE values for all the molecules are presented, and clearly the fullerene molecule has the most aromatic character. The ASE per p electron (ASE/p electron) [43] is also shown in the same table. The ASE/ p electron values are very important; the highest value for the PAHs is that of graphite disk, but the corresponding value for fullerene is more than twice this, therefore the 'extra' stability derived from this aromaticity could be almost 2.5 times greater than that coming from any planar molecule. Fullerene thus makes two contributions to aromaticity; firstly that coming from the surface and secondly that generated by the sphere. Together, these yield a very high value, when compared to values relating to PAHs.
However, in the interstellar environment, we should also consider the high temperature factor. It has been demonstrated that the aromaticity of PAHs [20, 44, 45] and of fullerenes [19] can prevail at high temperatures, but a change in the enthalpy value is expected as a result of the temperature. This change can be quantified by applying Eq. 3. Assuming a temperature of 1000 K in the interstellar dust medium [4] [5] [6] [19] [20] [21] , the ASE values will change to become less negative in all cases, but as is evident in Table 1 for PAHs, the effect is so strong that two cases exist which manifest a decrement of more than half the room temperature value. On the other hand, fullerene appears to vary from the original only by about 15%. It has been suggested that this phenomenon is a consequence of the spherical shape of this compound [46, 47] , as the spherical molecules of fullerene are able to rotate as the temperature increases so that no strong interactions occur between them. Indeed, it has been suggested that in terms of properties which depend on this interaction, fullerenes can be treated as large, rare, spherical gas atoms [47] .
Besides this, the ASE/p at 1000 K indicates the same behaviour, where the highest value for the PAHs is that referring to the grapheme disk, but again the value obtained for fullerene is almost 4 times greater than the corresponding value of circulene; thus, the situation under star dust conditions once again suggests that fullerenes must be the predominant species. These results are an example of LeChatelier's principle, but the consequence is that fullerene is able to be the predominant molecule because its combustion heat is better able to support the temperature changes, due to its intrinsic extra aromaticity, i.e. its spherical aromaticity. Fullerene is thus predicted to be the predominant allotropic form of carbon in star dust and likewise it was possible to predict that the extreme conditions of the interstellar environment will result in the natural formation of fullerene and other stable nanostructures.
Conclusions
Interstellar dust is formed partly from carbon aggregates which consist predominantly of fullerene, as well as polyaromatic hydrocarbons (PAHs). The predominance of fullerene is due to its intrinsically high ASE, the limited change in ASE when the temperature increases, its high ionization potential and the concomitant stability of its ions and also because it has a limited tendency to react and transform to become large molecules, when compared to other PAHs. 
